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(57) ABSTRACT 

A method and apparatus for providing non-linear, passive 
quenching of avalanche currents in Geiger-mode avalanche 
photodiodes (APDs) is provided. A non-linear, passive, 
current-limiting device is connected in series With the APD 
and a bias source. The non-linear, passive, current-limiting 
device rapidly quenches avalanche currents generated by the 
APD in response to an input photon and resets the APD for 
detecting additional photons, using a minimal number of 
components. The non-linear, passive, current-limiting 
device could comprise a ?eld-eiTect transistor (FET), as Well 
as a junction FET (JFET) a metal-oxide semiconductor FET 

(MOSFET), or a current-limiting diode (CLD) connected in 
series With the APD and the bias source. 
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METHOD AND APPARATUS FOR PROVIDING 
NON-LINEAR, PASSIVE QUENCHING OF 

AVALANCHE CURRENTS IN GEIGER-MODE 
AVALANCHE PHOTODIODES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to the quenching of 
avalanche currents in photodiodes. More particularly, the 
present invention relates to a method and apparatus for 
providing non-linear, passive quenching of avalanche cur 
rents in Geiger-mode avalanche photodiodes. 

[0003] 2. RelatedArt 

[0004] In many applications in the optoelectronic arts, it is 
often bene?cial to detect individual photons With an opto 
electronic device. Single-photon detection can be accom 
plished using devices such as photomultiplier tubes and 
avalanche photodiodes (APDs). Photon counting With APDs 
is typically accomplished by operating the APD in the 
so-called “Geiger” mode, Wherein the APD is biased above 
its Zero-frequency breakdoWn voltage to produce an average 
internal gain on the order of one million or higher. Under 
such conditions, a readily-detectable avalanche current can 
be produced in response to a single input photon, thereby 
alloWing the APD to be utiliZed to detect individual photons. 

[0005] When a current avalanche is triggered in a Geiger 
mode APD in response to a single input photon, the ava 
lanche current continues as long as the bias voltage remains 
above the breakdoWn voltage of the APD. Thus, in order to 
detect the next photon, the avalanche current must be 
“quenched” and the APD reset. Quenching the avalanche 
current and resetting the APD involves a tWo-step process, 
Wherein the APD bias is reduced beloW the APD breakdown 
voltage to quench the avalanche current as rapidly as pos 
sible, and the APD bias is then raised to a voltage above the 
APD breakdoWn voltage so that the next photon can be 
detected. During this process, the APD is incapable of 
detecting photons, thereby resulting in a “dead” time period. 
Therefore, it is bene?cial to quench the avalanche current 
and reset the APD as quickly as possible to reduce dead time. 
Additionally, to minimize increases in the dark count rate 
(“after-pulsing”) that can occur With high photon arrival 
rates, it is also bene?cial to limit the avalanche current to a 
minimum. 

[0006] Various passive and active circuits have in the past 
been developed for quenching avalanche currents generated 
by Geiger-mode APDs. For example, the most basic passive 
quenching circuit is a resistor connected in series With a 
high-voltage bias applied to an APD. While such a circuit 
has the advantage of simplicity, this circuit typically results 
in detector dead times of many tens of microseconds. Due to 
the long resistor-capacitor (RC) time constant of this circuit, 
the bias across the APD varies continuously during the reset 
time, Which results in undesirable variations in the photon 
detection probability of the APD. Various active quenching 
circuits overcome these limitations by employing a fast 
transistor circuit With numerous transistors to sWitch the bias 
voltage of the APD rapidly betWeen voltages above and 
beloW the APD breakdown voltage. HoWever, such circuits 
are often complex, require numerous components in addi 
tion to the transistors, and cannot easily be integrated into 
large photon-counting arrays. 
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[0007] Accordingly, What Would be desirable, but has not 
yet been provided, is a simple and effective method and 
apparatus for quenching of avalanche currents in Geiger 
mode APDs, Wherein avalanche currents are rapidly 
quenched, detector dead time is minimized, and accurate 
photon detection is provided using a small number of 
components. 

SUMMARY OF THE INVENTION 

[0008] The present invention relates to method and appa 
ratus for providing non-linear, passive quenching of ava 
lanche currents in Geiger-mode avalanche photodiodes. The 
apparatus comprises a Geiger-mode avalanche photodiode 
(APD); a bias source; and a non-linear, passive, current 
limiting device connected in series With the bias source and 
the APD for quenching avalanche currents generated by the 
APD. The non-linear, passive, current-limiting device could 
comprise a ?eld-eifect transistor (FET), a junction FET 
(JFET), a metal-oxide semiconductor FET (MOSFET), or a 
current-limiting diode (CLD) connected in series With the 
APD and the bias source. The non-linear, passive, current 
limiting device rapidly quenches avalanche currents gener 
ated by the APD in response to an input photon and resets 
the APD for detecting additional photons, using a minimal 
number of components. 

[0009] The method of the present invention for quenching 
avalanche currents in a Geiger-mode APD comprises the 
steps of connecting a non-linear, passive, current-limiting 
device in series With an APD and a bias source; after an 
avalanche current is triggered by an input photon received 
by the APD, reducing a bias voltage of the APD With the 
non-linear, passive, current-limiting device to a voltage 
beloW a breakdoWn voltage of the APD to quench the 
avalanche current; and after quenching the avalanche cur 
rent, increasing the bias voltage of the APD With the 
non-linear, passive, current-limiting device to the break 
doWn voltage of the APD. The method could be practiced 
using a PET, JFET, MOSFET, or CLD connected in series 
With the APD and the bias source. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] These and other important objects and features of 
the invention Will be apparent from the folloWing Detailed 
Description of the Invention, taken in connection With the 
accompanying draWings, in Which: 

[0011] FIG. 1 is a simpli?ed schematic diagram shoWing 
an embodiment of the quenching apparatus of the present 
invention, Wherein quenching is achieved using a junction 
?eld-eifect transistor (JFET). 

[0012] FIG. 2 is a simpli?ed schematic diagram shoWing 
an alternate embodiment of the quenching apparatus of the 
present invention, Wherein quenching is achieved using a 
metal-oxide semiconductor ?eld-eifect transistor (MOS 
FET). 
[0013] FIG. 3 is a simpli?ed schematic diagram shoWing 
an alternate embodiment of the quenching apparatus of the 
present invention, Wherein quenching is achieved using a 
current-limiting diode (CLD). 

[0014] FIG. 4 is a graph shoWing quenching of a single 
Geiger-mode avalanche current pulse achieved by the 
present invention. 
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[0015] FIG. 5 is a graph showing quenching achieved by 
the present invention of APD output currents in a non-gated 
mode. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0016] The present invention relates to a method and 
apparatus for providing non-linear, passive quenching of 
avalanche currents in Geiger-mode avalanche photodiodes 
(APDs). In one embodiment, the present invention com 
prises a junction ?eld-effect transistor (JFET) connected in 
series with an APD, wherein the drain terminal of the JFET 
is connected to the APD or bias source and the gate and 
source terminals are connected together. In another embodi 
ment, the present invention comprises a metal-oxide semi 
conductor ?eld-effect transistor (MOSFET) connected in 
series with an APD, wherein the drain terminal of the 
MOSFET is connected to the APD or bias source and the 
gate and source terminals are connected together. In another 
embodiment, the present invention comprises a current 
limiting diode (CLD) connected in series with an APD. In 
response to an avalanche current generated by an input 
photon received by the APD, the series impedance of the 
JFET, MOSFET, or CLD increases rapidly, thereby reducing 
the bias voltage across the APD to a level below the 
breakdown voltage of the APD to quench the avalanche 
current. In response to the sharp current decrease resulting 
from the drop in voltage across the APD, the series imped 
ance of the JFET, MOSFET, or CLD then decreases to its 
original value, thereby returning the bias voltage across the 
APD to its original value above the breakdown voltage and 
resetting the APD so that additional input photons can be 
detected. In this manner, the present invention minimiZes 
detector dead time and provides ef?cient photon detection 
using a small number of components. 

[0017] FIG. 1 is a schematic diagram showing an embodi 
ment of the quenching apparatus of the present invention, 
wherein quenching is achieved using a junction ?eld-effect 
transistor (JFET). The circuit shown in FIG. 1 includes an 
avalanche photodiode (APD) D1 which could comprise any 
APD suitable for Geiger-mode operation. A JFET O1 is 
connected in series with the APD D1 and a bias voltage 
source. The JFET Ql could be connected to either the anode 
or the cathode of the APD D1, so long as the indicated 
polarity of both components is maintained and the JFET and 
APD are in series with the bias source. The JFET Ql could 
comprise any suitable, commercially-available, depletion 
mode JFET. The gate terminal G and drain terminal S of 
JFET Ql are connected together to form a two-terminal 
device. A bias voltage Vbias is applied across APD D1 and 
JFET Ql (illustratively, at connection points A and B). 

[0018] During operation of the circuit shown in FIG. 1, 
JFET Ql operates as a constant-current source, limiting the 
current supplied to the APD D 1 to the saturated drain-source 
current (IdSS) of the JFET Q1. If JFET O1 is fabricated such 
that Idlss is approximately equal to the APD dark current 
obtained when Vbias is equal to the breakdown voltage of the 
APD Dl , then Ql will successfully quench avalanche 
currents generated by the APD D l operated in Geiger mode 
in response to an input photon. During application of a 
constant or gated bias voltage Vbias exceeding the break 
down voltage of the APD and prior to the triggering of an 
avalanche current, the impedance of the JFET will be low 
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(e.g., on the order of 10 k9 or less), because the current 
magnitude will be less than IdSS. When an avalanche current 
is produced in response to an input photon or a thermally 
generated free carrier, the JFET impedance will rise rapidly 
and prevent the current from exceeding I dss, thereby quench 
ing the avalanche current. Thereafter, the circuit impedance 
will drop rapidly, thereby successfully “resetting” the APD 
D1 to allow it to detect the next photon. The response time 
from the initiation to quenching of the avalanche current is 
limited by the internal resistance-capacitance (RC) time 
constant of the JFET Q1, and could be as low as l nano 
second, or even less. Accordingly, the circuit shown in FIG. 
1 combines the simplicity and low component count of 
passive quenching devices with the fast response, short dead 
time, and APD bias stability of active quenching devices. 
Importantly, the present invention requires signi?cantly 
fewer components than conventional active quenching cir 
cuits, thereby providing a signi?cant manufacturing advan 
tage and allowing the present invention to be easily fabri 
cated in one- or two-dimensional monolithic or hybrid 
arrays of photon-counting, Geiger-mode APDs. 
[0019] FIG. 2 is a schematic diagram showing an alternate 
embodiment of the quenching apparatus of the present 
invention, wherein quenching is achieved using a metal 
oxide semiconductor ?eld-effect transistor (MOSFET). The 
circuit shown in FIG. 2 is substantially similar to the circuit 
shown in FIG. 1, except that the JFET Q1 of FIG. 1 is 
substituted with MOSFET Q2. Similar to the JFET Q1 of 
FIG. 1, the drain terminal D of MOSFET O2 is connected in 
series with APD D 1 and the gate and source terminals G and 
S of MOSFET Q2 are connected together to form a two 
terminal device. MOSFET Q2 could comprise any suitable, 
commercially available MOSFET operated in depletion 
mode. During operation, MOSFET Q2 operates as a con 
stant-current source, limiting the current supplied to the 
APD D1 to the Idss of MOSFET Q2. 

[0020] FIG. 3 is a schematic diagram showing an alternate 
embodiment of the quenching apparatus of the present 
invention, wherein quenching is achieved using a current 
limiting diode (CLD). The JFET and MOSFET embodi 
ments of the present invention, discussed earlier with respect 
to FIGS. 1 and 2, are optimal for integrated applications 
(e.g., providing current avalanche quenching in Geiger 
mode APD arrays). However, for non-integrated applica 
tions (e. g., providing current avalanche quenching for single 
APD sensors) where IGISS values as low as 10 uA are required, 
a CLD can perform the same function as a JFET or MOS 

FET. CLDs are two-terminal devices that are functionally 
equivalent to depletion-mode JFETs and MOSFETs with 
their gate and source terminals connected, but have design 
and fabrication parameters optimiZed for current-regulating 
functions. As shown in FIG. 3, CLD D2 replaces the JFET 
and MOSFET transistors of FIGS. 1 and 2, and is connected 
in series with APD D1. CLD D2 could be any suitable, 
commercially-available CLD having a typical current limit 
of 35 uA or lower, with precise control of the current 
limiting value and voltage compliance (breakdown voltage) 
of 100 volts or more. Atypical commercially-available CLD 
rated at approximately 35 uA has a DC impedance of 
approximately 3 k9 at a current of one HA, and a DC 
impedance of 500 kQ at a current of 50 HA. The inherent 
response time of a discrete CLD with such ratings is on the 
order of a few nanoseconds, which is suf?ciently fast for 
APD pulse quenching. 
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[0021] It should be noted that the present invention could 
be implemented using enhancement-mode transistors as 
Well as depletion-mode transistors. Such an implementation 
Would require additional components for saturating the 
transistors. Further, the present invention can be imple 
mented using commercially-available IC fabrication pro 
cesses. Additionally, the present invention can be used as a 
non-gated Geiger-mode photon counter, Wherein the APD is 
cooled to a suf?ciently loW temperature so that the mean 
dark pulse generation rate of the APD is loWer than the 
expected mean photon arrival rate. In such a con?guration, 
Vbias is set to a DC value of approximately l-l0% above the 
breakdown voltage of the APD With no pulsed (“gate”) bias. 
With each avalanche current generated by the APD, the 
present invention quenches the avalanche and resets the 
APD Within approximately a feW nanoseconds to a feW tens 
of nanoseconds. Therefore, the present invention can be 
operated Without any triggered gate function, in approxi 
mately the same manner as a photomultiplier tube. 

[0022] FIG. 4 is a graph shoWing quenching of an ava 
lanche current achieved by the present invention. The graph 
is a single-shot oscilloscope trace of APD current generated 
in response to a single input photon, Wherein the magnitude 
axis represents the voltage across a 50 ohm load resistor 
produced by an APD avalanche current. The spike in the 
graph corresponds to the avalanche current generated in 
response to the photon. Initially, the APD is biased to a 
voltage of about 10 mV. At around 40 nanoseconds, an 
avalanche current is generated and rises rapidly to approxi 
mately 100 mV in response to the input photon. Thereafter, 
the present invention rapidly quenches the current and resets 
the APD to its initial bias voltage. The APD dead time is 
approximately 40 nanoseconds. 
[0023] FIG. 5 is a graph shoWing quenching achieved by 
the present invention of APD output currents in a non-gated 
mode. The present invention can be operated as a non-gated 
photon counter, Whereby no trigger gate function is required 
to initiate photon detection. In such an arrangement, the 
present invention automatically quenches and resets the 
APD Within a feW nanoseconds to tens of nanoseconds, 
alloWing for the rapid detection of photons. The graph shoWs 
an oscilloscope trace of APD current in response to photons 
detected in non-gated mode, Wherein the magnitude axis 
represents the voltage across a 50 ohm load resistor pro 
duced by an APD avalanche current. The spikes shoWn in the 
graph correspond to avalanche currents generated in 
response to photons received by the APD, as Well as 
background noise due to random, thermally-generated car 
riers in the APD absorption layer. As can be seen in the 
graph, each avalanche current is rapidly quenched by the 
invention. 

[0024] Having thus described the invention in detail, it is 
to be understood that the foregoing description is not 
intended to limit the spirit and scope thereof. What is desired 
to be protected by Letters Patent is set forth in the appended 
claims. 

What is claimed is: 
1. An apparatus for quenching avalanche currents gener 

ated by Geiger-mode avalanche photodiodes comprising: 
a Geiger-mode avalanche photodiode (APD); 
a bias source; and 
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a non-linear, passive, current-limiting device connected in 
series With the bias source and the APD for quenching 
avalanche currents generated by the APD. 

2. The apparatus of claim 1, Wherein the non-linear, 
passive, current-limiting device comprises a ?eld-effect 
transistor (FET) connected in series With the APD and the 
bias source, the FET having gate and source terminals 
connected together. 

3. The apparatus of claim 2, Wherein the FET comprises 
a junction ?eld-effect transistor (JFET). 

4. The apparatus of claim 3, Wherein the JFET comprises 
a depletion-mode JFET. 

5. The apparatus of claim 2, Wherein the FET comprises 
a metal-oxide semiconductor ?eld-effect transistor (MOS 
FET). 

6. The apparatus of claim 1, Wherein the non-linear, 
passive, current-limiting device comprises a current-limiting 
diode connected in series With the APD and the bias source. 

7. The apparatus of claim 1, Wherein the apparatus is 
formed in a Wafer fabrication process. 

8. A method for quenching avalanche currents in a Geiger 
mode avalanche photodiode (APD), comprising: 

connecting a non-linear, passive, current-limiting device 
in series With an APD and a bias source; 

after an avalanche current is triggered by an input photon 
received by the APD, reducing a bias voltage across the 
APD using the non-linear, passive, current-limiting 
device to a voltage beloW a breakdoWn voltage of the 
APD to quench the avalanche current; and 

after quenching the avalanche current, increasing the bias 
voltage of the APD using the non-linear, passive, 
current-limiting device to the breakdoWn voltage of the 
APD. 

9. The method of claim 8, Wherein the step of connecting 
the non-linear, passive, current limiting device comprises 
connecting a ?eld-effect transistor (PET) in series With the 
APD and the bias source. 

10. The method of claim 9, further comprising connecting 
source and drain terminals of the FET together and to the 
bias source. 

11. The method of claim 9, Wherein the step of connecting 
the PET in series With the APD comprises connecting a 
junction FET (JFET) in series With the APD. 

12. The method of claim 11, Wherein the step of connect 
ing the JFET in series With the APD comprises connecting 
a depletion-mode JFET in series With the APD. 

13. The method of claim 9, Wherein the step of connecting 
the PET in series With the APD comprises connecting a 
metal-oxide semiconductor ?eld-effect transistor (MOS 
FET) in series With the APD. 

14. The method of claim 8, Wherein the step of connecting 
the non-linear, passive, current-limiting device comprises 
connecting a current-limiting diode in series With the APD 
and the bias source. 

15. The method of claim 8, Wherein further comprising 
operating the non-linear, passive, current-limiting device 
and the APD in a non-gated mode. 

* * * * * 


